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ABSTRACT
Multiple channels have been proposed to produce Type Ia supernovae, with many
scenarios suggesting that the exploding white dwarf accretes from a binary companion
pre-explosion. In almost all cases, theory suggests that this companion will survive.
However, no such companion has been unambiguously identified in ancient supernova
remnants – possibly falsifying the accretion scenario. Existing surveys, however, have
only looked for stars as faint as ≈ 0.1L and thus might have missed a surviving white
dwarf companion. In this work, we present very deep DECAM imaging (u, g, r, z ) of
the Type Ia supernova remnant SN 1006 specifically to search for a potential surviving
white dwarf companion. We find no object within the inner third of the SN 1006
remnant that is consistent with a relatively young cooling white dwarf. We find that if
there is a companion white dwarf, it must have formed long ago and cooled undisturbed
for > 108 yr to be consistent with the redder objects in our sample. We conclude that
our findings are consistent with the complete destruction of the secondary (such as
in a merger) or an unexpectedly cool and thus very dim surviving companion white
dwarf.
Key words: ISM: supernova remnants – supernovae: individual: SN1006 – Astro-
physics: Solar and Stellar Astrophysics
1 INTRODUCTION
Type Ia supernovae (SNe Ia) are explosions lacking hydro-
gen and producing copious amounts of 56Ni. This behav-
ior is consistent with thermonuclear burning in a massive
(≥ 0.9M) degenerate white dwarf (WD). There is no known
mechanism for these objects to self-ignite and so theories
of the origin of the explosion suggest that the WD can be
ignited through binary interaction. For this work, we dis-
tinguish between two classes of binary interaction. In one,
the WD fully merges with its companion prior to the explo-
sion so that no star remains after the SN Ia occurs. In the
? E-mail: wkerzendorf@gmail.com
other, the companion remains separate from the exploding
WD and survives the explosion.
Detection of a surviving companion star post-explosion
would serve to distinguish between the two scenarios (e.g.
Marietta et al. 2000; Pakmor et al. 2008; Pan et al. 2013;
Shappee et al. 2013). Several groups have attempted to un-
ambiguously identify such a donor star to no avail (e.g. Ruiz-
Lapuente 2004; Gonza´lez Herna´ndez et al. 2009; Kerzendorf
et al. 2009, 2014; Schaefer & Pagnotta 2012). However, these
searches have all focused on relatively bright companions
> 0.1L, so they could have missed a very faint surviving
companion (e.g. a WD; see Shen & Schwab 2017).
Several theories suggest the possibility that the surviv-
ing companion is another WD. In double degenerate double
detonation scenarios, helium from a He or low-mass C/O
© 2017 The Authors
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Filter nobs texp FWHM σFWHM
- 1 s 1′′ 1′′
u 5 400 1.08 0.07
g 5 50 0.97 0.10
r 5 50 0.85 0.04
z 5 100 0.76 0.03
Table 1. Photometry acquired with DECAM on the night of 2017
1 30
WD detonates on the surface of the more massive C/O WD,
leading to a carbon core detonation (Fink et al. 2007; Shen
& Bildsten 2014). When this He is transferred stably, as in
AM Canum Venaticorum binaries (Bildsten et al. 2007), or
if the He shell detonates quickly enough after the onset of
unstable mass transfer, as in double WD mergers (Guillo-
chon et al. 2010; Pakmor et al. 2013), the less massive com-
panion WD may survive the explosion of the more massive
WD. In the single degenerate spin-up/spin-down scenario
(Justham 2011; Di Stefano et al. 2011), a C/O WD accretes
material from a non-degenerate donor. The accreted angu-
lar momentum spins the WD up, allowing it to grow above
the canonical (non-rotating) critical mass needed for explo-
sion. However, the accretor WD does not explode until it has
spun-down, and during this time the donor star can evolve
to become a WD.
Deep photometric searches for surviving companions are
difficult because most supernova remnants are located very
close to the Galactic Plane (mean and standard deviation of
Galactic latitude of remnants b = 0.07 ± 2.72 deg; data from
Green 2014) and thus heavily affected by extinction. Fortu-
nately, one of the closest (Winkler et al. 2003) and youngest
remnants in the Galaxy, SN 1006 lies very far above the
plane (b = 14.6 deg) and is only very mildly affected by dust
(AV ≈ 0.3; Schlafly & Finkbeiner 2011). Thus, SN 1006 is
the most promising candidate for a deep search for a possible
surviving WD. While previous observations of this remnant
(Kerzendorf et al. 2012; Gonza´lez Herna´ndez et al. 2012)
have not found any surviving companion, they did not probe
deep enough to find a possible surviving WD.
In this work, we present the deepest photometric study
so far of SN 1006 using Dark Energy Camera (DECam;
Diehl & Dark Energy Survey Collaboration 2012; Flaugher
et al. 2015) data and compare the resulting photometry with
surviving WD models by various authors.
In Section 2, we present the observations as well as
our photometric measurement techniques. In Section 3, we
present our techniques to compare the photometry with the
suggested surviving WD models. Section 4 confronts the dif-
ferent theoretical scenarios with the analysis performed in
this work. We conclude this work in Section 5 and give an
overview of future possible tests of the scenarios.
2 OBSERVATIONS & DATA REDUCTION
The images were acquired on the night of 2017 Jan 30 with
the Dark Energy Camera (DECam; Diehl & Dark Energy
Survey Collaboration 2012; Flaugher et al. 2015) instrument
mounted on the 4-m Blanco telescope located at the Cerro
Tololo Inter-American Observatory (CTIO). Table 2 shows
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Figure 1. The u, g, r , and z magnitudes with their respective
uncertainties of the objects within our search radius of 5′.
the filter combination, exposure time and seeing in this night
using a dither pattern of ≈ 60′′. We used the standard fields
sdssj0958 0010 and sdssj1227 0000 in our calibration.
We processed the data using an implementation of the
photpipe pipeline modified for DECam images. Photpipe is
a robust pipeline used by several time-domain surveys (e.g.,
SuperMACHO, ESSENCE, Pan-STARRS1; see Rest et al.
2005, 2014), designed to perform single-epoch image pro-
cessing including image calibration (e.g., bias subtraction,
cross-talk corrections, flat-fielding), astrometric calibration,
warping and image co-addition, and photometric calibration.
Observations in each filter consists of total of 5 dithered
exposures with 62 individual CCD frames per exposure cov-
ering the DECam field of view. We process each CCD in-
dividually, combining the 5 dither positions per CCD. We
use the Two Micron All Sky Survey (Skrutskie et al. 2006)
and the iraf1 task msccmatch to apply a world coordi-
nate system to the each of the frames using pre-determined
distortion terms. This coordinate system then was used to
re-project each of the 62 stacks (consisting of the 5 dithered
exposures each) to a common coordinate system with the
software SWarp (Bertin et al. 2002) using the lanzcos4
method. We performed DoPhot PSF photometry on each
stack resulting in 62 catalogues. This was also done for the
standard star fields sdssj0958 0010 and sdssj1227 0000. In
a given standard star field image, we have about 120 – 150
stars for rz, 50 – 80 for g, and 20 –40 for u. We convert the
PS1 magnitudes into the DECam natural system AB magni-
tudes, following the paper by (?). The typical uncertainties
1 IRAF: the Image Reduction and Analysis Facility is distributed
by the National Optical Astronomy Observatory, which is oper-
ated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science
Foundation (NSF).
MNRAS 000, 1–9 (2017)
Search for a WD in SN 1006 3
in the zeropoint are <0.01, <0.02, and <0.03 mags for riz,
g, and u, respectively.
For a given filter, we propagate the zeropoints from the
standard star fields to the science images, correcting for
the airmass, and averaging the zeropoints from the differ-
ent standard star images. Since we have five standard star
images per filter, this decreases the uncertainty by an addi-
tional 1/√5. We apply this mean zeropoint to the SN 1006
image, and create a secondary photometric catalog. Thus the
systematic uncertainty in these secondary catalogs is 0.005,
0.01, and 0.015 mags for rz, g, and u respectively.
Finally, the dithering strategy generated stacked images
that overlapped and thus the individual catalogues cannot
just be appended but need to be merged. In the merging
process, we identified stars that were within 1′′ but located
on different stacks and co-added those using standard uncer-
tainty propagation rules. This process resulted in the final
catalogue for one filter and was repeated for each filter-set.
The final u, g, r, z catalogue was created using a similar
merging process with a match distance of 1 arcsecond. The
resulting catalogue (limited to our search radius of 5′– see
Section 3.1) can be seen in Figure 1. The structure seen in
the uncertainty is due to the dithering: Stars at the edge
of each CCD were observed fewer times than stars near the
middle of the CCD. The final catalogue is available at https:
//doi.org/10.5281/zenodo.883143.
3 ANALYSIS
The aim of this experiment is to identify surviving WD com-
panions in SNe Ia explosions.
3.1 Assumptions
For our analysis, we use the remnant’s distance from Win-
kler et al. (2003) corresponding in a Gaussian prior of
2.07 ± 0.18 kpc (using a conservative value of 2.2 kpc where
appropriate).
A conservative estimate of the search area for such a
WD (including uncertainties in the center determination) is
5′ centered around 15h02m55.4s −41◦56′33′′ (Winkler et al.
2003). This is driven by a maximum escape velocity estimate
of a potential WDs companion presented in Shen & Schwab
(2017) of 1500 – 2000 km s−1 (corresponding to 2.4 – 3.2′ at
a distance of 2.2 kpc). We use a simple uniform prior that
assigns all stars outside of 5′ of the center (≈ 1/3 of the
radius; see Figure 3) as having zero probability of being a
candidate and all stars within the radius having a uniform
probability.
Schlafly & Finkbeiner (2011) give an extinction range
estimate of AV = 0.26 – 0.30 assuming an RV = 3.1, which we
adopt as a uniform prior for our model. This extinction value
is transformed in this work with Au/AV = 1.66, Ag/AV =
1.22, Ar/AV = 0.89, and Az/AV = 0.48 to the appropriate
filters.
3.2 Theoretical Surviving White Dwarf Models
Figure 2 shows the u− g/g colour magnitude diagram of the
candidate stars. For a comparison of the fiducial Shen &
Schwab (2017) models with the data, we approximate sur-
viving WDs with blackbodies (using the data from Table 2)
and generate photometry with wsynphot2. Figure 2 shows
that no viable candidates are near these models.
3.3 White Dwarf Cooling
We extend our search to fainter WD candidates by allow-
ing cooling. The WD cooling curve (Holberg & Bergeron
2006; Tremblay et al. 2011; Bergeron et al. 2011; Kowalski
& Saumon 2006) for two masses is shown in Figure 2. Sev-
eral photometry data points are consistent with old WDs
(see Figure 2). The age 108 years marked as red crosses,
which is approximately when the data and models begin to
overlap. In the following sections, we explore the possible
parameter space allowed if a surviving white dwarf is in our
data set.
3.4 Cooling Models
We approach the exploration of the parameter space of
fainter WDs using cooling models. The cooling models in
Bergeron et al. (2011)3 with their u, g, r, z photome-
try are ideal for this task. These models span a mass
range of 0.2 – 1.2 M with cooling tracks ending at a
little more than a few Gyr. We use interpolation (using
scipy.interpolate.CloughTocher2DInterpolator) to
efficiently explore the parameter space and obtain photom-
etry for different ages and masses. Specifically, we use the
base-10 logarithm for the interpolation of masses and ages
(as the magnitudes behave more linearly in the logarithmic
space). Finally, we added a distance modulus and extinction
(Schlafly & Finkbeiner 2011) to the interpolated magnitudes
resulting in the model MWD(mass, age, d, AV ) 7→ u, g, r, z.
3.5 Posterior probability
We explore all possible white dwarf parameters under the
assumption that the cooled white dwarf is in our sample.
Here we develop the likelihood of any candidate star being
a white dwarf of a certain mass, age, d, AV given the photo-
metric data.
Given a single star and assuming it is a cooling white
dwarf with given parameters mass, age, d, AV , the likelihood
to observe its photometric data Dj = (u j, gj, rj, zj ) is:
P(Dj |mass, age, d, AV ) = L j ∝ exp
(
−χ2j /2
)
(1)
with
χ2j =
( u j,data − umodel
σu
)2
+ . . . +
( zj,data − zmodel
σz
)2
(2)
We now assume that exactly one of the stars in our
sample is the white dwarf. Not knowing which one it is, and
assuming each is equally probable a priori, we therefore sum
their individual probabilities:
2 https://github.com/wkerzendorf/wsynphot
3 http://www.astro.umontreal.ca/~bergeron/CoolingModels/
MNRAS 000, 1–9 (2017)
4 Kerzendorf, W.E. et al.
−2 −1 0 1 2 3 4
u − g
14
16
18
20
22
24
26
g
cooling models
Shen & Schwab (2017)
108 yr
Stars within 5′ of SN 1006 center
Cooling curve of 0.6 Msun WD
Cooling curve of 1.2 Msun WD
Figure 2. A CMD of all DECAM candidates within 5′ of the center. In addition, the fiducial blackbody models (assuming an extinction
of AV = 0.3; see Table 2) by Shen & Schwab (2017) are in orange circles. We have also added WD cooling curves (solid: 0.6 M, dashed:
1.2 M; Tremblay et al. 2011) for comparison. The light red crosses on the cooling tracks mark an age of 108 years.
Mass Radius Temperature u g r z u − g
M km 1 × 103 K AB mag AB mag AB mag AB mag AB mag
0.3 15000 45 19.41 19.78 20.17 20.78 -0.37
0.6 9100 50 20.33 20.71 21.12 21.73 -0.38
0.9 6600 150 19.51 19.97 20.44 21.11 -0.46
Table 2. Magnitudes and colors of Shen & Schwab (2017)’s fiducial models at the age of SN 1006 assuming the object to be a blackbody
at 2.2 kpc with extinction of AV = 0.3
P(D |mass, age, d, AV ) =
N∑
j=0
P(Dj |mass, age, d, AV ) (3)
Following Bayes theorem, to compute parameter prob-
abilities from this likelihood, we need to multiply it with the
parameter space priors:
P(mass, age, d, AV |D) ∝P(D |mass, age, d, AV )× (4)
P(mass, age, d, AV )
We use the priors of Section 3.1. We additionally assume
log-uniform prior for the WD age between 106 – 1010 years
and a uniform prior for the mass between 0.2M – 1.2M.
3.6 Parameter Space Exploration
The parameter space is sampled using the MultiNest
(Feroz et al. 2009) algorithm and using the implemen-
tation available at https://github.com/kbarbary/nestle.
Figure 4 shows the exploration of the posterior probability
including three confidence intervals (68%, 95%, and 99%).
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Figure 3. An overview of the SN 1006 remnant in X-rays (0.5
– 0.9 keV) de-noised using the scikit-image (van der Walt et al.
2014) function skimage.restoration.denoise tv chambolle
for better visibility. The ≈ 15′ radius of the remnant around our
chosen center is shown as the red circle. We also show our chosen
search area which corresponds to the distance moved by an object
with a velocity of 3000 km s−1 in the plane of the sky.
We have also given an approximate region where the WD
with the given parameters would be close or below the detec-
tion limit of our data. Figure 5 shows the sample converted
from mass and age to temperature and radius (using inter-
polation). In this figure, we have not marked the areas that
are below the detection limit as it is not as straight-forward
as with the mass-age parameter space.
4 DISCUSSION
We have placed stringent limits on a surviving companion
to SN 1006. We have excluded all young white dwarf models
(. 108 yr) based on a comparison between DECam photom-
etry and theoretical white dwarf models. Previous shallower
searches of Gonza´lez Herna´ndez et al. (2012); Kerzendorf
et al. (2012) have already ruled out red-giant and main-
sequence star companions.
We have compared our photometric data with two
methods: Figure 2 shows a traditional visualization of pho-
tometric data. Figure 4 and Figure 5 show the posterior
probability for any surviving WD existing in the data. The
posterior probability for the WD cooling models disallows
relatively young WDs with ages of . 108 years. At low
masses, the cooling curve (solid line in Figure 2) crosses
several of our candidate stars at these ages, while at higher
masses (dashed line) we have fewer objects. In the proba-
bility distribution this makes high masses slightly preferred.
The posterior distance probability density distribution is the
same as the prior probability.
4.1 Close surviving companion WDs
Double WD binaries have been studied as possible SN Ia
progenitor systems in various incarnations for decades (Iben
& Tutukov 1984; Webbink 1984). Recent work has raised the
possibility that the high temperatures and densities reached
during double WD mergers involving a helium or low-mass
C/O WD can trigger a helium-powered detonation on the
surface of the more massive WD (Guillochon et al. 2010;
Raskin et al. 2012; Pakmor et al. 2013). This helium shell
detonation can then lead to a carbon core detonation and
subsequent SN Ia in a variant of the classic double detona-
tion scenario (Nomoto 1982; Livne 1990; Shen & Bildsten
2014).
The importance of including the necessary isotopes and
reaction rates in simulations of helium shell detonations was
pointed out by Shen & Moore (2014), who found that such
detonations could be triggered in much smaller helium lay-
ers than previously realized. This led to the possibility that
double detonation SNe Ia could occur early enough in the
the double WD merging process that the less massive WD
is not completely tidally disrupted when the SN Ia occurs:
that is, the less massive companion WD may survive the
explosion of the more massive WD.
Double detonations in double WD systems have also
been proposed in stably mass transferring AM Canum Ve-
naticorum binaries (Bildsten et al. 2007; Fink et al. 2007;
Shen & Bildsten 2009; Fink et al. 2010). For extreme mass
ratios, these systems may avoid unstable mass transfer (al-
though see Shen 2015) and lead to accreted heliums shells
of ∼ 0.01 M on the more massive WD. Convection in these
shells becomes inefficient and may trigger a helium deto-
nation, which then sets off the core detonation and subse-
quent SN Ia. The donor WD in these systems will remain
undisrupted because it was undergoing stable Roche lobe
overflow.
Thus, there are several avenues that may lead to a
close-in surviving companion WD following a SN Ia. Shen
& Schwab (2017) explored the effect of the 56Ni that is cap-
tured from the SN Ia ejecta by nearby surviving WDs. The
high temperature and complete ionization of the captured
nuclei results in a strongly suppressed 56Ni decay rate, yield-
ing a long-lived luminous outflowing wind. Depending on the
mass of the surviving companion and the amount of 56Ni
that is captured, the companion may be visible long after
the SN Ia occurred.
The orange circles in Figure 2 show the expected g mag-
nitudes and u− g colours of Shen & Schwab (2017)’s fiducial
0.3, 0.6, and 0.9 M surviving companion WDs at the present
age of SN 1006. It is clear that none of the stars within 5′ of
the remnant’s center have the correct magnitude and color
to match Shen & Schwab (2017)’s fiducial models. Thus,
these models have been ruled out.
However, important caveats remain regarding the ap-
pearance of a surviving companion WD. The models of Shen
& Schwab (2017) used ad hoc estimates for the amount
and thermodynamic conditions of the captured 56Ni mass;
in particular, the mass of the captured 56Ni and thus the
luminosity should be regarded as an upper limit. A bet-
ter quantitative estimate of the initial conditions for the
outflowing wind requires hydrodynamical simulations that
have yet to be undertaken. Furthermore, the models assume
MNRAS 000, 1–9 (2017)
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Figure 4. Posterior WD properties given the likelihood and priors in Section 3.5 sampled using nestle. We marginalize in these collection
of plots over AV . Note that ages above 108 years are preferred.
a constant opacity of 0.2 cm2 g−1 in the 56Ni-rich layer; this
is likely a strong underestimate of the true opacity due to
iron-group line blanketing. Higher opacities will also signif-
icantly alter the luminosity predictions by both increasing
the mass outflow rate and changing the colors. An explo-
ration of these effects awaits future simulations; until then,
we cannot strongly rule out the presence of a surviving com-
panion WD initially near the explosion site.
4.2 Spin-up/Spin-down model
Justham (2011) and Di Stefano et al. (2011) propose a single-
degenerate SN Ia scenario in which the angular momentum
of the accreted material spins up the WD, allowing it to grow
above the canonical (non-rotating) critical mass needed for
explosion (≈ 1.38M). The donor star continues to evolve
and in many cases also becomes a WD. Since mass transfer
has ceased, the accretor WD spins down and the central
density increases, until eventually the explosion is triggered.
The mechanisms of angular momentum loss and redis-
tribution that would operate are uncertain, and thus the
MNRAS 000, 1–9 (2017)
Search for a WD in SN 1006 7
60
00
12
00
0
18
00
0
24
00
0
R
a
d
iu
s
[k
m
]
30
00
0
60
00
0
90
00
0
12
00
00
Teff [K]
1.
95
2.
10
2.
25
2.
40
D
is
ta
n
ce
[k
p
c]
60
00
12
00
0
18
00
0
24
00
0
Radius [km]
1.
95
2.
10
2.
25
2.
40
Distance [kpc]
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delay timescale between the end of mass transfer and the ex-
plosion is unknown. Piro (2008) and Neunteufel et al. (2017)
find that the WD should be close to solid body rotation
during the accretion phase. This implies that one would not
form the highly super-Chandrasekhar objects allowed in the
presence of differential rotation and suggests the spin-down
timescale is not associated with the internal redistribution
of angular momentum, but rather the timescale for the loss
of angular momentum from the system.
The requirement that the outcome be a normal SNe Ia
may itself impose some timescale constraints. For their ro-
tating WD models, Yoon & Langer (2005) suggest that spin-
down timescales of > 106 years imply central densities such
that the explosion would violate nucleosynthetic constraints
(Iwamoto et al. 1999). Nomoto & Kondo (1991) find that
once the accretor WD has crystallized (>∼ 3×109 years), car-
bon ignition leads instead to accretion-induced collapse.
The data and analysis presented in this paper (see Fig-
ure 4) show all possible WDs in SN 1006 are at a minimum
a ≈ 108 years old. This provides a significant observational
constraint on spin-up/spin-down models as an explanation
for “prompt” SNe Ia or for systems that show interaction
MNRAS 000, 1–9 (2017)
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with material that must have been produced in the rela-
tively recent past (e.g., nova shells).
5 CONCLUSIONS
We present very deep multi-color (u, g, r, z) photometric data
of stars in the center of the SN 1006 remnant in search of sur-
viving WDs. The data show no bright unambiguously iden-
tifiable WDs and thus this data is inconsistent with many
spin up/down models as well as model presented in Shen &
Schwab (2017). This suggests various hypotheses that are
consistent with the data. The first hypothesis is that a sur-
viving WD exists but is not as bright as predicted, due to
either incorrect assumptions or a limited exploration of pa-
rameter space. The majority of red faint objects near the
WD cooling curves will likely be foreground stars, but too
faint to be detected by Gaia. Unfortunately, many of the
other remnants that could be used to test this hypothesis are
heavily affected by extinction. This extinction is very detri-
mental in using the u− g-color to distinguish WDs from un-
related faint fore/back-ground objects. The second hypoth-
esis is that these surviving WD companions do not exist.
This hypothesis could be extended (due to the various non-
detections of companions in literature) to the claim that gen-
erally SNe Ia do not leave any survivors. This would firmly
point to the merger and complete disruption of WDs. How-
ever, the merger hypothesis has for now no easily falsifiable
predictions except for the detection of a companion.
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